Abstract: A novel process for the treatment of zinc sulfide ores is discussed in this paper, which consists of two procedures: microwave roasting pretreatment and synergistic chelation. What's more, the reaction mechanism also has been studied. By comparing XRD patterns before and after roasting, it can be concluded that microwave truly alleviates the reaction energy, and adding Na 2 O 2 avoids the emission of SO 2 . % recovery of zinc can reaches 72.47 % on conditions of adding Na 2 O 2 25 %, microwave activating temperature 500°C, holding time 10 min, leaching temperature 40°C, ultrasonic wave power 1,800 W, leaching time 4.5 h and solid to liquid ratio 10:1 in ammonium chloride solution whose total ammonium concentrate is 7.5 mol/L (c(NH 3 ) T = 7.5 mol/L). The molar ratio of NH 4 Cl and NH 3 ·H 2 O is 1:1 (c(NH 4 Cl): c(NH 3 ·H 2 O) = 1:1).
Introduction
Conventional zinc recovery process mainly comprise of three steps: roasting, leaching and electrowinning [1] . Though it has showed tremendous value to the development of zinc industry, its defects on environment protection, energy saving, and limiting raw materials, put serious restrictions on its application [2] . And the present wildly used hydrometallurgy processes also exist some disadvantages, such as low efficiency, complex operation, and high demand for apparatus, etc. [3] [4] [5] [6] [7] [8] [9] . Therefore developing cost-effective meanwhile environment-friendly processes remains a major challenge.
Microwave is an emerging green technology, which is widely used in communication, radar, cellular phones, television and satellite [10] . Microwave energy is one kind of nonionizing electromagnetic radiation with wavelengths between 1 mm and 1 m (frequencies 300 MHz and 300 GHz). Unlike traditional electrical resistance heating in the form of heat conduction, microwave energy can be dissipated in the volume of material and transferred to inner energy, thus it has advantages of non-contact heating, energy transfer, rapid heating, selective heating, volumetric heating, quick start and stop, heating starting from interior of the material body, higher level of safety and automation [11, 12] . It can be expected enormous potential from application of microwave energy in the recovery of zinc sulfide ores.
The main objective of this present investigation is to design a mild and effective operation procedure to realize effective recovery of zinc sulfide ores. Through adopting various analytical techniques, such as XRD, TG-DTA and chemical composition, effect of microwave roasting and ultrasonic wave power, related reactions and potential of this process are researched.
Experimental Materials and equipment
The zinc sulfide ores is mined from Lanping, Yunnan. Its main chemical compositions and zinc phase distributions are given in Tables 1 and 2 . From the two tables, it can be known that this zinc sulfide ores belongs to high-iron and refine sphalerite [13] , zinc content being 43.58 %. Zinc mainly exists in the form of ZnS, with zinc sulfide taking amount 98.81 %, and in contrast zinc oxides and fraklinite just sum up to 1.19 %. The sphalerite content in this zinc sulfide ores is deduced to 64.17 %. Figure 1 reveals the XRD pattern of this zinc sulfide ores and its analysis is following a XRF detection.
Main crystalline phases in this zinc sulfide ores include ZnS, PbS, and FeS 2 ( Figure 1 ). No detection of other zinc phases may be due to low content.
The microwave high temperature reactor is produced by the Key Laboratory of Unconventional Metallurgy, Ministry of Education, Kunming University of Science and Technology, which uses 2,450 MHz magnetron tube as microwave generator. Its main part is a rectangular cavity characterized by low losses, simple structure and versatility. There are four magnetron tubes (1.5 kW) in this system, and uses waveguide transmission technology to feed the microwave into the cavity. Through real time regulating microwave currents, it can be achieved that the power output fluctuating continuously between 0~800 W.
Analytical techniques
All samples are characterized by X-ray diffractometry (XRD) and chemical composition analysis. And the precursor is determined by thermogravimetry-differential thermal analysis (TG-DTA). The X-ray power diffraction patterns are recorded on a Rigaku D/max-3B powder Xray diffractometer using Cu Kα radiation (λ = 1.5418 Å) and a graphite monochromator in the diffracted beam. A scan rate of 4°·min −1 is applied to record a pattern in the 2θ range of 2θ = 20-80°. Thermogravimetry-differential thermal analysis (TG-DTA) is carried out in a STA 449F3 simultaneous thermal analyzer from Netzsch in air flow and heating rate is 10°C·min −1 .
Chemicals and solvents are all analytical grade and used without any further purification. The working solutions are prepared using analytical grade chemicals and double-distilled water.
Experiment procedure
The process of synthetic chelation leaching of zinc sulfide ores can be divided into two steps: microwave roasting pretreatment and chelation leaching assisted by ultrasonic wave. The first step-microwave roasting pretreatment is operated as: weight Na 2 O 2 and zinc sulfide ores in a mass ratio of 1:4, after blending, place them in the high temperature microwave reactor, roast at 500°C, and hold 10 min. The second step proceeds as: leach the precursor with ammonium chloride solution (c(NH 3 ) T = 7.5 mol/L, c(NH 3 ): c(NH 4 + ) = 1:1) in a solid/liquid ratio of 10:1, control ultrasonic wave power at 1,800 W, keep leaching temperature at 313 K, and add NaClO-one alkaline strong oxidant at every other 0.5 h. After leaching, separate liquid and solid, meanwhile recover value metal from leaching solution. The process diagram is shown in Figure 2 .
Phase transformation of zinc sulfide ores
To understand the process of microwave roasting pretreatment, conducting a TG-DTA analysis of zinc sulfide ores at first seems needed. The TG-DTA curve is shown in Figure 3 . Results from Figure 3 are interpreted on the basis of published data [14] [15] [16] [17] [18] . In the TG curve of zinc sulfide ores, four steps of mass losses are observed. The initial mass loss is observed between 430°C and 564°C, which is accompanied by the exothermic peak at around 532.8°C in the corresponding DTA curve and it is ascribed to oxidation of FeS 2 . The second mass loss of zinc sulfide ores at 680-803°C is interpreted as ZnS oxidization and in the DTA curve this period belongs to exothermal. The third mass loss between 803°C and 900°C shows an endothermal trend in the DTA curve, which is attributed to decomposition of ZnSO 4 . The last one, higher than 900°C, corresponds to decomposition of PbSO 4 . Relate reactions are listed as following [19] [20] [21] [22] [23] [24] [25] [26] [27] Result and discussion
After microwave heating pretreatment, XRD pattern of the precursor is revealed in Figure 4 . As can be observed in Figure 4 , phase compositions of this precursor become complicate. The initial phase FeS 2 disappear, and diffraction peak intensity of PbS and ZnS weaken. NaFeO 2 is the oxidation production of FeS 2 , and ZnO, ZnSiO 3 , Na 2 Zn(SO 4 ) 2 , Na 2 (ZnSiO 4 ) are obtained through ZnS oxidizing. It can be deduced from the phase changes that oxidation of FeS 2 happens at a relatively low temperature. Under microwave irradiation, ZnS has been oxidized which is lower than traditional heating, at 530-625°C [28] . The advantage of microwave heating alleviate the reaction energy thus shows. Even in microwave field, PbS need a higher oxidation energy (> 500°C).
Making a comprehensive understanding of the TG-DTA curve, with temperature rising the oxidation process can be postulated as: 
In the process of microwave roasting pretreatment, Na 2 O 2 is heated, decomposing to Na 2 O and free oxygen. Generated elemental sulfur will react with free oxygen to form SO 2 . In low temperature operation, the rate to go into SO 2 is very slow, which results in its absorption on the surface of minerals. The ZnSO 4 is high value oxidation of ZnS. Existence of ZnSO 4 will cause consuming of SO 2 to producing Na 2 Zn(SO 4 ) 2 . During oxidizing, no SO 2 gas is detected. Thus it can be concluded that adding strong oxidation-Na 2 O 2 in microwave field, the emission of SO 2 can be avoided, which is environmental favor.
Percentage recovery of zinc sulfide ores
Leach the above precursor with ammonium chloride under mechanical agitation, leaching rate is acquired as shown in Figure 5 .
From the below diagram, it can be known that coordination leaching process of zinc sulfide ores belongs to a gradual procedure. With adding NaClO at a limit intervals, Zn 2 + can escape from zinc ores little by little and coordinate with NH 4 + generating zinc ammines [29] [30] [31] , at 4.5 h zinc leaching rate can reaching 72.47 %.
Ultrasonic wave effect
In this experiment, we also investigate the enhancing effect of ultrasonic wave technology on the recovery of zinc sulfide ores, and results are shown in Figure 6 .
As can be seen from the above figure, in the initial stage, the enhancing effect of ultrasonic wave is not obvious, and there seems no difference between the two samples in one hour, while after that, the effect of ultrasonic wave begins to show, embodying in the figure, the leaching time dropping to reach the same leaching rate. What can be predicted, in the final stage, ultrasonic wave leaching shows no difference with the traditional mechanical agitation leaching. The effect of ultrasonic wave is to shorten the reaction time.
Conclusion
In this paper, we develop a new process to recover the zinc sulfide ores, which consists of two steps: microwave roasting pretreatment and coordination leaching. By analyzing the TG-DTA curve and comparing the XRD pattern before and after microwave heating, it can be concluded that microwave energy can truly alleviate the reaction energy, Na 
